Abstract. We report the structural investigation of photoinduced phase transitions between ionic and neutral macroscopic states in an organic charge-transfer molecular material, with 100 picosecond resolution, using pulsed X-rays from a synchrotron. A femtosecond laser pulse switches the material within the nanosecond from neutral to ionic and also from ionic to neutral macroscopic state by virtue of a strong cooperativity. Data collections show that a long range ferroelectric order takes place in the ionic photoinduced phase. A two step mechanism is observed in the transformation from ionic to neutral. This associated with a disordering process of ionic strings followed by a 3D reorganisation at a macroscopic scale.
PHOTOINDUCED NEUTRAL-IONIC (N-I) PHASE TRANSITION IN TTF-CA CRYSTALS
Photoinduced phase transitions constitute a new type of fast or ultrafast manipulation of mater by light. In some molecular crystals, absorption of a photon in the ground state gives rise to an unstable electronic excited state, which is self-trapped by a lattice relaxation at the nanometric scale. When a sufficient number of nano-domains is created, the cooperativity between the transformed nanodomains makes the system switching to a transient photo-induced state at the macroscopic scale, with a new electronic state and a new lattice structure (figure 1). From the view point of the study of photoinduced cooperative phenomena, TTF-CA crystal is an important and fascinating prototype compound for photo-induced transition where structural and electronic changes are strongly coupled.
TTF-CA shows neutral (N) to ionic (I) phase transition as decreasing the temperature by virtue of lattice-charge coupled multi-stability. The phase transition (T c = 81 K) between macroscopic N (stable at high temperature) and I (stable at low temperature) states, which are both insulating, requires interchain cooperativity. The mechanism is governed by the formation of lattice-relaxed CT strings along the stack, a sequence of I dimers within a N chain, …D
…, (and viceversa) which interact with each other., and structural changes are accompanying the ionicity change of constituent molecules. Thus, in relation with the dimerisation process, a long range ferroelectric ordering of dimers takes place in the I phase.
In this low dimensional system, strong interaction between electronic and lattice degrees involves ultrafast cooperative phenomena and symmetry breaking. Such material is highly photoactive as a femtosecond laser pulse can induce both transitions from I to N and N to I on the 100 ps timescale [1] . Here we report the investigation by time resolved diffraction of the transition dynamic and structure of the photoinduced phase. (1) . Photons excite few DA pairs into ionic (gray) (2) and chains become inhomogeneous by lattice relaxation of ionic strings growing along the stack (3) . The coupling between the strings makes the system switching to a metastable macroscopic phase with new electronic state and structural order (4) and a ferroelectric dimerization reorganization takes place between the neutral stable phase (left) and the photo-induced ionic one (right). Published in [2] 
NEUTRAL TO IONIC PHOTOINDUCED PHASE TRANSITION -EVIDENCE OF A FERROELECTRIC ORDER
The time resolved X-ray diffraction technique was used on TTF-CA single crystal on beamline ID09B at the European Synchrotron Radiation Facility. This stroboscopic pump-probe technique allows to record a photoinduced phenomenon changing the delay between the femtosecond laser pump and the X-ray probe with a time resolution of 100ps. In both experiments, 150fs laser pulses at 1.55ev with polarization parallel to stacking axis was used to photoinduce the metastable phase. Monochromatic X-ray diffraction pattern was collected on a MAR MCCD camera. In the first experiment, the I phase was photoinduced at 94K from the stable high-temperature N phase (Tc= 81K) by a laser beam delivering about 2.8 10 16 photon/cm 2 /pulse on the sample. One important characteristic of the phase transition at thermal equilibrium is the symmetry lowering. Indeed, in the high temperature N phase, the monoclinic unit cell contains two symmetry related undimerized DA pairs, where both molecules are located on inversion symmetry sites (space group P2 1 /n, Z=2 ). In the ionic low temperature phase, inversion centres are lost in relation with the dimerisation process, whereas the simultaneous lost of the twofold screw axis, parallel to the b axis, is associated with the ferroelectric ordering between the stacks (space group Pn). Consequently, the (0k0) Bragg reflections with k odd, forbidden by symmetry in the N phase, appear in the I ferroelectric phase. In the photoinduced experiment, such symmetry breaking appears in the I photoinduced phase. Indeed, weak (030) Bragg reflection absent 2ns before excitation as forbidden by symmetry of the neutral phase appears 1ns after excitation (figure2). This is the direct signature of a photoinduced ferroelectric order witch occurs in less than 1ns at a macroscopic scale [1] . Structure refinement shows a dimerization process, similar to that at thermal equilibrium, along the stacking axis a in the photoinduced I phase [1] .
TWO STEP MECHANISM IN THE IONIC TO NEUTRAL PHOTOINDUCED PHASE TRANSITION
In a second experiment, the N phase was photoinduced at 70K from the stable low-temperature I phase. Important changes on Bragg reflections intensities can be observed 500ps after excitation (figure 3), with some decreasing and some increasing excluding simple laser heating effects. Such important intensity changes are a direct signature of a strong three dimensional (3D) structural reorganisation in the N photoinduced state. In addition, the (030) Brag reflection intensity, characteristic of the ferroelectric order as discussed above, starts to decrease just after excitation [2] . We are here in presence of a two-step mechanism in the transformation, as already observed in optical reflectivity study [3] . In the case of order-disorder type transition, only the peaks corresponding to the change of symmetry i.e. (030) are affected whereas general reflections are affected only when molecules transform from ionic to neutral state. Therefore, this two-step mechanism can be discussed in term of disordering of ionic strings just after photo-excitation followed by a molecular transformation from I to N.
Observing such fast photoinduced structural phase transition in a molecular crystal reflect the importance time-resolved X-ray diffraction and its contribution for describing every step of a photoinduced transformation from precursor phenomena to the nucleation of photoinduced phase. With the emergence of new sources witch provide ultra-short X-ray pulses, time-resolved diffraction in a near future will allow to investigate precursor phenomena such as the condensation of ionic strings the first stage of the neutral to ionic photoinduced phase transformation. Normalized intensity dependence of some Bragg reflections with the delay between the laser pump and the x-ray probe pulses. General reflections (top) are modified after an incubation time of about 500 ps, whereas the intensity of the (030) reflection starts to decrease just after the laser pulse excitation (bottom), indicating a two steps mechanism. [2] 
